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Rotavirus is one of very few viruses that utilizes the endoplasmic reticulum (ER) for maturation. The maturation process
is unique not only because it involves translocation of subviral particles across the ER membrane, but also because mature
virus is thought to be retained in the ER until cell lysis. Brefeldin A (BFA) is a compound that blocks protein export from
the ER to the Golgi complex and causes disruption of the Golgi complex with relocation of resident Golgi proteins to the
ER. We found that BFA had a pronounced effect on rotavirus assembly and oligosaccharide processing. Single-step growth
experiments demonstrated that BFA reduced infectious progeny rotavirus yield by 99.9%. Immunohistochemical staining
with monoclonal antibodies showed that all examined VP4, VP6, VP7, and NS28 epitopes remained unaffected by BFA. A
novel observation from pulse–chase experiments was that BFA-treatment rapidly increased the molecular weight of the
ER-associated VP7 followed by endo-b-N-acetylglucosaminidase H (endo H) resistance. A novel observation was also that
the trans-ER NS28 protein remained endo H sensitive through the course of BFA-treatment, but that the molecular weight
varied during chase. Electron microscopy analysis revealed that BFA interfered in the transition from the intermediate
enveloped particle to the mature double-shelled virus. q 1996 Academic Press, Inc.
INTRODUCTION trough the ER membrane it transiently acquires an ER
membrane-derived envelope. During the assembly pro-
Enveloped viruses have been used extensively as cess the ER membrane is lost and the outer capsid VP7
models to study the secretory pathway and posttransla- and VP4 are folded onto the single-shelled particles (Por-
tional modifications on glycoproteins. A majority of the uchynsky et al., 1991).
viral glycoproteins that have been used as reporters are Newly synthesized membrane and secretory proteins
transported from the endoplasmic reticulum (ER), via the travel in a vectorial fashion through the cis, and medial
Golgi complex to the plasma membrane. While most vi- Golgi cisternae, to a complex organelle system called
ruses acquire their envelope by budding from the plasma trans Golgi network. The massive movement of proteins
membrane, a few viruses such as rotavirus, are thought along this pathway raises questions of how the individual
to utilize the ER membrane for their maturation (see Pet- organelles along the pathway distinguish and sort transi-
tersson, 1991, for review). tional proteins. It has been found that a number of luminal
Rotavirus, a segmented ds RNA virus, undergoes a ER proteins have a specific carboxyl-terminal sequence
unique maturation process in the ER. The assembly pro- lys–arg–glu–leu (KDEL in the single-letter amino-acid
cess, which includes translocation of subviral particles code) involved in ER retention (Munro and Pelham, 1987;
across the ER membrane and retention of mature virus in Pelham, 1991). It has been suggested that a KDEL recep-
the ER, has provided a system in which posttranslational tor in an early Golgi compartment recognizes the KDEL
events, such as folding, targeting, and retention can be sequence and retrieves the protein to the ER (Munro and
studied (Poruchynsky et al., 1985; Stirzaker et al., 1987; Pelham, 1987). While many ER-resident proteins contain
Au et al., 1989; Bergmann et al., 1989; Meyer et al., 1989; a KDEL or similar sequence, rotavirus VP7 and NS28
Stirzaker and Both, 1989; Weclewicz et al., 1993; Maass do not (Bellamy and Both, 1990). Transmembrane ER
and Atkinson, 1994). Cytoplasmic capsids, assembled proteins contain retention motifs in their cytoplasmically
from VP1, VP2, VP3, and VP6 interact with NS28 a virus- exposed tail. Two lysines positioned three and four or
encoded transmembrane protein that resides in the ER five residues from the C-terminus represent a retention
where it functions as a receptor for VP6 (Au et al., 1989; motif (Jackson et al., 1990). The ER retention motif for
Meyer et al., 1989). As the single-shelled particle buds NS28 has not been examined but three amino acids, Ile-
9, Thr-10, Gly-11, in the N-terminal of VP7 have been
found critical for VP7 retention (Maass and Atkinson,1 To whom correspondence and reprint requests should be ad-
1994).dressed. Fax: 46 8 470 56 13 or 46 8 27 22 31. E-mail: Lensve@mbox.
ki.se. The general model that rotavirus assembly, VP7, and
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NS28 maturation occurs in the rough ER has been based infected in serum-free medium. After 1 hr infection the
inoculate was replaced with fresh medium. The titers ofon morphological and immunohistochemistry observa-
tions and on the assumption that endoglycosidase H RRV were determined by peroxidase staining as pre-
viously described (Svensson, 1992). HA assays with hu-sensitivity is restricted to this compartment (Estes and
Cohen, 1989; Bellamy and Both, 1990). However, a sug- man type 0 erythrocytes were performed as previously
described (Svensson, 1992).gestion that VP7 and NS28 might maturate in different
ER compartments was suggested by Kabcenell and At-
Immunoperoxidase stainingkinson (1985) showing that the oligosaccharide of VP7
was trimmed more than NS28. Unfortunately specific Infected MA-104 cells were fixed with 2% paraformal-
dehyde in phosphate-buffered saline (PBS) and the cellmarkers for ER have not been used in previous studies
and hence the possibility that assembly and folding of membranes were made permeable by treatment with 1%
Triton X-100 in PBS for 10 min. The antibodies were di-rotavirus may take place in an intermediate compartment
between the ER and the Golgi has not been critically luted in PBS containing 0.2% BSA and 0.1% Triton X-
100 (PBS/B/TX). Fixed cells were incubated with primaryexamined.
Important information about assembly, protein trans- antibodies for 1.5 hr at 377, washed three times with
PBS before incubation with peroxidase-labeled goat anti-port, and release of viruses has previously been obtained
from studies using drugs that interfere with vesicular mouse immunoglobulin G antibodies (Bio-Rad) for 1.5 hr
in 377. After three more washes amino-ethylcarbazoletransport (Hobman et al., 1992). To gain more information
about the maturation process of rotavirus, we have exam- was added as substrate to the cell monolayers as pre-
viously described (Svensson et al., 1994).ined the effects of Brefeldin A (BFA) on rotavirus glyco-
protein processing, antigenicity, and assembly.
Metabolic labeling of infected cell proteinsBFA is an antiviral agent that has multiple targets in
vesicular transport and inhibits protein transport out of To produce metabolic labeled lysates, MA-104 cells
were infected with trypsin-activated RRV at a multiplicitythe ER (Lippincott-Schwarts et al., 1989; Orci et al., 1991).
One effect of BFA is that ER-retained proteins are pro- of infection (m.o.i.) of 10 as described (Svensson et al.,
1994). At 7 hr postinfection (p.i.) infected cells werecessed by recycled cis/medial Golgi enzymes, resulting
in endo H resistance (Lippincott-Schwarts et al., 1989, starved for 1 hr in methionine- and cysteine-free medium
before labeling with 50 mCi of [35S]methionine-cysteine1990; Orci et al., 1991). BFA has been found to interfere
with maturation of viral glycoproteins and suppress the (Trans-label, Dupont) for various periods of time. For
chase experiments, cells were washed and incubatedformation of infectious viruses that contain a lipid enve-
lope. We report that formation of infectious rotavirus, a with medium containing excess of methionine (10 mM)
and 1 mM cycloheximide. At each end of the radioactivenonenveloped virus, which matures and is retained in
the ER until cell lysis, is seriously affected by BFA. pulse or after a chase period, cells were incubated with
ice-cold PBS containing 40 mM N-ethylmaleimide (NEM)
for 2 min. Cells were then lysed in ice-cold lysis bufferMATERIALS AND METHODS
(10 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1% Triton X-
Cells, viruses, and antibodies 100, 0.5% sodium dodecyl sulfate (SDS), 6 mg leupeptin/
ml, 3 mg of antipain/ml, 1 mg of aprotinin/ml, and 0.1 mgMA-104 cells were grown in Dulbecco’s modified Ea-
of pefabloc/ml). Cell lysates were cleared of cell debrisgle’s minimal essential medium supplemented with 10%
by centrifugation at 13,000 g for 5 min in a microcentri-fetal calf serum. Rhesus rotavirus (RRV) was obtained
fuge.from RRV-infected cells by freezing and thawing. The
monoclonal antibodies used in this study include the Treatment of cells with BFA and tunicamycin
following: 159 and 4F8, which recognize VP7 and are
BFA was purchased from Sigma. A stock solution wasneutralizing antibodies (Greenberg et al., 1983; Shaw et
prepared in 95% ethanol and stored at 0207. To obtainal., 1986); M60, which recognizes a cross-reactive non-
labeled protein in the presence of BFA, various amountsneutralizing epitope on VP7 (Shaw et al., 1986); M2, M11,
of BFA were added 1 hr p.i. and were maintained through7A12, and 2G4, which recognize VP4 and neutralize RRV
the chase. BFA were replaced with fresh BFA every 4 hr.(Shaw et al., 1986; Mackow et al., 1988); 255/60, which
To inhibit N-linked glycosylation, 2 mg/ml of tunicamycinrecognizes trimeric VP6; and B4/55, which recognizes
(TM) was added to media 2 hr before pulse labeling andNS28.
maintained through the chase.
Rotavirus infection, hemagglutinin assay (HA) Radioimmunoprecipitation (RIPA)
Immunoprecipitation was performed as previously de-RRV was activated with 10 mg trypsin/ml for 30 min at
377 before inoculation of cultures. MA-104 cells were scribed (Svensson et al., 1987). Radiolabeled lysates (50
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ml) were incubated with 1 ml of desired antibody and 450 RESULTS
ml of the RIPA buffer (10 mM Tris–HCl (pH 7.5), 150 mM Effects of BFA on rotavirus infectivity and HA
NaCl, 0.6 M KCl, 4 mM EDTA, 1% Triton X-100) overnight To determine whether BFA inhibits formation of infec-
at 47. Twenty-five microliters of staphylococcus aureus tious virus and HA activity, monolayers of MA-104 cells
protein A–Sepharose CL-4B (Pharmacia, Uppsala, Swe- were infected with trypsin-activated RRV at a m.o.i. of 10.
den) were subsequently added to the mixture and incu- At 1 hr p.i., monolayers were washed three times with
bated 1 hr at room temperature on a rocker plate. The PBS and mock or various concentrations of BFA were
protein A–Sepharose-coupled immune complexes were added to the media. Infection was continued in the pres-
pelleted at 13,000 g in 30 sec in microcentrifuge and ence or absence of BFA for 6, 12, and 24 hr. To maintain
washed four times with RIPA buffer and twice with 10 mM a constant BFA concentration, fresh BFA was added to
Tris–HCl (pH 8.0), 150 mM NaCl. The immune complexes the medium every 4 hr. It has been reported that the
were suspended in 30 ml of nonreducing sample buffer effect of BFA is gradually lost during incubation (Chen
(10 mM Tris–HCl (pH 6.8), 0.5% SDS, 10% glycerol) or et al., 1991). At the end of each period, monolayers were
reducing sample buffer (nonreducing sample buffer in- frozen and thawed twice and progeny virus titers and HA
cluding 2% b-mercaptoethanol). Unless otherwise indi- activity were determined. As seen in Table 1, 0.5 mg BFA/
cated samples were boiled for 3 min before separation ml in the culture media for 12 hr reduced virus titers by
by SDS–polyacrylamide gel electrophoresis (PAGE). 99.5% from 3.61 108 in the control to 21 106. By increas-
ing the BFA concentration to 8 mg/ml infectivity was fur-
SDS–PAGE ther reduced up to 99.9%. While the effect of BFA on
infectivity was significant, but not complete, the effect onPolypeptide separation was performed by SDS–PAGE
rotavirus HA was more subtle. Independently of the BFAusing a 4.5% stacking gel and 10% separation gels as
concentration used, the HA titer was reduced only two-previously described (Svensson et al., 1994). Electropho-
fold at 12 hr p.i. compared to the control. While the HAresis was carried out at a constant voltage of 50V at
titer in the mock-treated cells increased twofold from 12room temperature, followed by fixation with 10% glacial
to 24 hr p.i., the HA titer of BFA-treated cells droppedacetic acid and 35% methanol for 1 hr at room tempera-
twofold. The results show that BFA causes a significant
ture. Autoradiography was performed as previously de-
reduction of the production of progeny virus.
scribed (Svensson et al., 1994).
BFA does not alter rotavirus antigenicityThe apparent molecular weights were determined by
comparison of the relative mobilities of the rotavirus poly- To determine the block of rotavirus assembly in greater
peptides with molecular weight standards; myosin (200 detail, the effect of BFA on the antigenicity of RRV pro-
kDa), phosphorylase b (97 kDa), BSA (69 kDa), oval- teins was examined. RRV-infected cells (24-well plates)
bumin (46 kDa), carbonic anhydrase (30 kDa), lysozyme were treated with 0.5 or 2 mg BFA/ml from 1 hr p.i. to
fixation at 8 hr p.i. (fresh BFA was added every 4 hr).(14 kDa).
The monolayers were fixed with paraformaldehyde and
immunoperoxidase stained with several rotavirus mAbsEndo H digestion
as described (Svensson et al., 1994). BFA was found
Digestion with endo-b-N-acetylglucosaminidase H to have no effect on the antigenicity of the cytoplasmic
(endo H, Boehringer Mannheim, Germany) was per- proteins, VP4 and VP6, or on the ER-associated VP7 or
formed essentially as described (Weclewicz et al., 1993). on NS28, a nonstructural trans-ER glycoprotein (data not
Immunoprecipitates were incubated with 50 ml sodium shown). The preserved antigenicity of the cytosolic pro-
acetate (50 mM) (pH 5.5) containing 0.01% SDS and 5 teins is less surprising, but the remaining activity of cal-
mU endo H for 4 hr. The reactions were stopped by cium-dependent VP7 epitopes recognized by neutralizing
boiling for 3 min in reducing sample buffer and separated mAbs 159 and 4F8 is surprising, as those epitopes are
by SDS–PAGE. highly sensitive to disulfide bond reduction in vivo
(Svensson et al., 1994) and for Ca2/ depletion (Dormitzer
Electron microscopy and Greenberg, 1992). The results show that BFA has no
serious effect on the antigenicity of a variety of rotavirusThin section electron microscopy was performed es-
proteins, including the integral ER VP7 and NS28 pro-sentially as described (Svensson et al., 1994). Ma-104
teins.cells were infected with RRV at a m.o.i. of 10 and treated
BFA alters the electrophoretic mobility of the ER-with BFA at different time points after infection. Mono-
resident VP7 and NS28 proteins but has no effect onlayers were then fixed with 2.5% glutaraldehyde in 0.1 M
cytosolic capsid proteinscacodylate buffer, postfixed in 1% osmium tetraoxide, and
stained with uranyl acetate. After dehydration, samples To further explore the effect of BFA on individual RRV
proteins, infected cells were treated with 0.5, 2, or 8 mgwere embedded in Epon 812.
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TABLE 1
Effect of BFA on the HA and Infectivity of Rotavirus
HA titer a Infectivity b
BFA concentration
(mg/ml) 12 hr 24 hr 6 hr 12 hr 24 hr
0 1:32 1:64 1.1 1 105 3.6 1 108 3.0 1 108
0.5 1:16 1:8 2.1 1 104 1.8 1 106 4.6 1 106
2 1:16 1:8 3.5 1 103 1.8 1 106 1.0 1 106
8 1:16 1:8 3.0 1 103 5.0 1 105 5.0 1 105
a HA activity was tested by using fresh O erythrocytes (0.5%) washed in Alserver’s solution and incubated with twofold dilutions of cell lysates.
HA titers are expressed as the reciprocal of the highest dilution showing complete HA after 1 hr incubation at room temperature (RT).
b Infectivity was detected by peroxidase focus reduction test. Titer are expressed as PFU/ml; values given are averages of three experiments.
of BFA/ml at 1 hr p.i. or at 7.5 hr p.i. After methionine- in electrophoretic mobility of BFA-treated VP7, the trans-
ER NS28 protein indicated less clear intermediate spe-cystine starvation for 60 min, infected cells were meta-
cies during the 1 hr pulse (Fig. 1). Only minor heteroge-bolically labeled at 8 hr p.i. for 1 hr, treated with 40 mM
nous species of NS28 were observed at reducing SDS –NEM to prevent disulfide bond rearrangement, har-
PAGE conditions (Fig. 1).vested, and analyzed under reducing condition. As seen
To gain more insight in the kinetics by which VP7 andin Fig. 1, 0.5 mg BFA/ml had a significant effect on the
possibly also NS28 were posttranslationally modified, aelectrophoretic mobility of VP7. The increase in molecu-
pulse-chase protocol was established. RRV-infectedlar weight was independent of the BFA concentration
cells were incubated with BFA (2 mg/ml) from 1 hr p.i.or if BFA was added already at 1.5 hr p.i. or 30 min (7.5
and metabolically pulse-labeled for 10 min at 8 hr p.i.,hr p.i.) before the pulse at 8 hr p.i. Addition of BFA 30
directly followed by a chase in media containing 10 mMmin before a pulse revealed formation of intermediate
methionine and 1 mM cycloheximide. At different timespecies of VP7 (Fig. 1). In contrast to the ER-associated
points, infected monolayers were briefly incubated inVP7, there was no clear or very little effect of BFA on
cold NEM/PBS and harvested in lysis buffer. As seen inthe other ER-resident protein, NS28, nor was there any
Fig. 2, the pulse-chase protocol revealed several noveleffect, seen on the cytoplasmic capsid proteins, VP1,
observations. Within the 10-min pulse, the electropho-VP2, VP3/4, VP6, or NS34/35 as judged from their elec-
retic mobility of the BFA-treated VP7 decreased as com-trophoretic mobility. In contrast to the distinct decrease
pared to the control. The difference in electrophoretic
mobility between mock and BFA-treated VP7 became
even more pronounced after 180 min of chase. A more
critical examination of Fig. 2 also revealed that the elec-
trophoretic mobility of mock-treated VP7 was increased
by the chase; the mock-treated VP7 band is slightly
closer to NS34/35 after 180 min of chase than directly
after the pulse. The observation that untreated VP7 is
posttranslationally modified during chase confirms a pre-
vious observation that the oligosaccharide of VP7 is
trimmed within 90 min (Kabcenell and Atkinson, 1985). A
novel result was the observation that the electrophoretic
mobility of BFA-treated NS28 decreased directly after the
pulse as compared to the control, but that the mobility
increased during the chase and that the molecular
weight of BFA-treated NS28 was lower than that of con-
trol at 180 min of chase (Fig. 2). To our knowledge, this
is the first example of an ER-resident protein which underFIG. 1. Processing of nascent rotavirus proteins in BFA-treated cells.
MA-104 cells were infected with RRV at a m.o.i. of 10 and then treated BFA treatment decreases electrophoretic mobility during
with various concentrations of BFA at 1 hr p.i. (A) or 7.5 hr p.i. (B). At a short pulse and which increases electrophoretic mobil-
7 hr p.i. cells were incubated in methionine-cysteine-free media for 1 ity during chase. With the exception of VP7 and NS28
hr and then metabolically labeled with 50 mCi [35S]methionine-cysteine
none of the cytoplasmic proteins, VP1, VP3/4, VP6, orfor 1 hr. At the end of the pulse, cells were harvested in lysis buffer
NS34/35 were found by SDS–PAGE to be posttransla-and examined by SDS–PAGE under reducing conditions. Mol. wt. (kDa)
of the markers are shown on the right side of the panel. tionally modified by BFA.
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that Ser or Thr moieties of an Asn-X- (Ser/Thr) N-glycosyl-
ation site can be O-glycosylated (Wilson et al., 1991).
The ER-associated VP7, but not the trans-ER NS28
protein, becomes endo H-resistant after BFA
treatment
Rotavirus VP7 and NS28 represent a novel group of
viral ER-resident viral proteins. Being restricted to the
ER, they contain high mannose carbohydrates and re-
main endo H sensitive (Ericson et al., 1982; Both et al.,
1983; Kabcenell and Atkinson, 1985; Bellamy and Both,
1990). It has recently been reported that mannosidase II,
an enzyme responsible for acquisition of endo H resis-
tance is redistributed from the medial Golgi to the ER in
FIG. 2. Posttranslational modifications of rotavirus proteins synthe- BFA-treated cells (Doms et al., 1989; Lippincott-Schwarts
sized and chased in the presence of BFA (2 mg/ml). Cells infected with et al., 1989). To study the possibility of such redistribution
RRV (m.o.i. of 10) were mock (0) or BFA-treated (/) at 1 hr p.i. At 7 hr in rotavirus-infected cells, we examined the carbohydrate
p.i., infected cells were starved for 1 hr in methionine-cysteine free
structure on VP7 and NS28 during BFA-treatment. Tomedia and then metabolically labeled (50 mCi) for 10 min. To examine
obtain information whether the increase in mol. wt. ofposttranslational processing, labeled polypeptides were chased in Dul-
becco’s modified Eagle’s MEM containing 1 mM cycloheximide and 10 VP7 in BFA-treated cells was due to processing by Golgi
mM methionine for the lengths of time indicated (min). At the end of enzymes, cell lysates (Fig. 2) were immunoprecipitated
the chase, monolayers were harvested in lysis buffer and mixed with with a VP7 mAb (M60) and divided into two aliquots and
reducing sample buffer, boiled, and examined by SDS–PAGE. M de-
incubated with or without endo H before separation bynotes mol. wt. markers. The mol. wt. (kDa) of the markers are shown
SDS–PAGE and autoradiography. As shown in Fig. 4A,on the right side of the panel.
VP7 became fully endo H resistant after 120 min of chase.
This time point is interesting as the kinetics correlate
To determine if the electrophoretic mobility changes
with the time required for untreated VP7 to be oligosac-
seen in VP7 and NS28 after BFA-treatment were due
charide trimmed from Man 9 to Man 6 (Kabcenell and
to oligosaccharide trimming, RRV-infected BFA-treated
Atkinson, 1985).
cells were incubated with TM (2 mg/ml) at 2 hr p.i. to
The novel posttranslational modification of VP7 lead
prevent N-linked glycosylation. As seen in Fig. 3A, TM-
us to examine if NS28 was trimmed to endo H resistance
treated NS28 migrated more rapidly than did untreated
in a similar manner. As no antibody for immunoprecipita-
NS28. This suggests that TM prevented glycosylation of
tion of NS28 was available, endo H digestions had to be
VP7 and NS28. As no electrophoretic mobility alterations
performed directly in the cell lysates. Briefly, 10 ml of the
could be seen in NS28 during the pulse-chase experi-
cell lysates presented in Fig. 2 and used for endo H
ment under TM-treatment (Fig. 3A) in contrast to non-
digestions in Fig. 4A were diluted 1/10 in sodium acetate
TM treatment (Fig. 2), we conclude that the variation in
and digested with 5 mU of endo H overnight at 377, fol-
electrophoretic mobility of NS28 observed during the
lowed by SDS–PAGE. As seen in Fig. 4B, the trans-ER
chase period in Fig. 2 is due to oligosaccharide trimming
NS28 protein in contrast to VP7 remained endo H sensi-
induced by BFA.
tive during chase period. Figure 4B also confirms obser-
As Fig. 3A did not confirm that the electrophoretic mo-
vations from Fig. 2 that the electrophoretic mobility of
bility changes of vp7 were due to oligosaccharide trim-
NS28 decreases directly after synthesis and increases
ming, a vp7 immunoprecipitation protocol was estab-
during the chase period. The absence of electrophoretic
lished. As seen in Fig. 3B, TM and BFA0// treated vp7
mobility variations of NS28 seen after endo H digestions
migrated faster than both untreated and only BFA-treated
further supports the observation from TM-treatment of
vp7, which confirms previous observations that BFA in-
NS28 (Fig. 3A) that the reduction in molecular weight of
duces alterations in glycoprotein processing (Doms et
NS28 during late chase is due to oligosaccharide trim-
al., 1989; Lippincott-Schwarts et al., 1989). Figure 3B also
ming and not merely to protein degradation.
revealed that BFA- and TM-treated vp7 migrated more
slowly than only TM-treated vp7. The reason for this is BFA interferes with the transition from the enveloped
presently unclear and characterization of this observa- stage to the mature double-shelled formation of
tion is beyond the scope of this work. It is, however, rotavirus
worth mentioning that endogenous ER-associated pro-
teins may be O-glycosylated under TM- and BFA-treat- As the biochemical examination revealed that BFA in-
terfered with the oligosaccharide processing of VP7 andment (Ivessa et al., 1992). Furthermore it has been shown
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FIG. 3. Effect of tunicamycin on NS28 and VP7, synthesized and chased in the presence of BFA. At 1 hr p.i. BFA (2 mg/ml) was added and
remained in the media throughout the experiment. At 6 hr p.i. cells were treated with tunicamycin. At 7 hr p.i., cells were starved for 1 hr in
methionine-cysteine-free media containing tunicamycin and then metabolically labeled (50 mCi) for 10 min, followed by chase for 5, 30, 60, 120,
and 180 min in Dulbecco’s modified Eagle’s MEM supplemented with 1 mM cycloheximide and 10 mM methionine. (A) At the end of the pulse or
chase, cells were harvested in lysis buffer and mixed with reducing sample buffer, boiled, and examined by SDS–PAGE. The two left lanes show
pulse labeling and ‘‘M’’ denotes rotavirus proteins synthesized in the absence of tunicamycin. The filled arrowhead indicates glycosylated VP7 and
the empty arrowhead glycosylated NS28. (B) The cell lysates from the pulse–chase experiments presented in A were immunoprecipitated with a
VP7 mAb (M60). The two right lanes show immunoprecipitation of VP7 from 180 min chased rotavirus proteins in the absence of tunicamycin. Mol.
wt. (kDa) markers are shown on the right side of the panel.
NS28, we were interested in examining if this could have the ER-membrane, but very few mature double-shelled
particles were seen accumulating in the lumen of thean effect on the assembly process of rotavirus. Electron
microscopy (Fig. 5A) of infected cells treated with BFA ER, suggesting that the transition from the enveloped
stage to mature double-shelled particles was halted.(2 mg/ml) from 1 hr p.i. to fixation at 8 hr p.i. revealed
that BFA had no effect on the formation of viroplasms in It has been reported that the Golgi complex can rapidly
reassemble upon removal of BFA (Lippincott-Schwartsthe cytoplasm, nor on formation of single-shelled parti-
cles or translocation of single-shelled particles through et al., 1989). We were interested to examine if rotavirus
FIG. 4. Rotavirus VP7 becomes endo H resistant and NS28 remains endo H sensitive in the presence of BFA. (A) Aliquots of the cell lysates from
the pulse–chase experiments described in the legend of Fig. 2 were immunoprecipitated with a VP7 mAb (M60) and incubated with (/) or without
(0) endo H. Briefly, immunoprecipitates were incubated with 50 ml of 50 mM sodium acetate (pH 5.5) containing 0.01% SDS and 5 mU endo H for
4 hr at 377. The reactions were stopped by boiling for 3 min in reducing sample buffer and separated by SDS–PAGE under reducing conditions.
Left lane shows pulse-labeled mock-treated (BFA) cell lysates. (B) Aliquots of cell lysates from the pulse–chase experiments described in the
legend of Fig. 2 were diluted 1/10 with sodium acetate and digested in endo H buffer with 5 mU of endo H at 377 overnight. After digestion the
cell lysates were separated by SDS–PAGE under reducing conditions. M denotes pulse-labeling in absence of BFA.
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FIG. 5. Morphogenesis of rotavirus in BFA-treated MA-104 cells. (A) Cells were infected with RRV at an m.o.i. of 10 and incubated with BFA (2
mg/ml) from 1 hr p.i. until fixation at 8 hr p.i. Monolayers were then processed for thin section electron microscopy as described under Materials
and Methods. Note that viroplasm formation and budding (bold arrow) of single-shelled particles is unaffected by BFA, but that subviral particles
(empty arrows) accumulate in the dilated ER. Bar indicate 200 nm. (B) Reconstitution of the Golgi complex. Cells were infected and treated with
BFA and cykloheximide (1 mM) from 6 hr p.i. To reconstitute the Golgi complex, BFA was washed out at 8 hr p.i. and cells were incubated for
another 1 hr in Eagle’s MEM containing cycloheximide before fixation. Arrow shows virus particle budding from reconstituted Golgi complex. Bar
indicates 200 nm.
could be targeted to the Golgi complex upon reassembly incubated with BFA (2 mg/ml) and cycloheximide (1 mM)
from 6 hr p.i. At 8 hr p.i. BFA was removed and cellsof the Golgi complex by removal of BFA. For this experi-
ment, cells were infected with rotavirus (m.o.i. of 10) and were washed twice and incubated for another 1 hr in
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Eagle’s MEM containing cycloheximide before fixation. resistance. To our knowledge, VP7 is the first example
of an ER-associated viral glycoprotein which in controlWhile the experiment confirmed that the Golgi complex
is rapidly restored after removal of BFA, we only saw very cells shows no sign of carbohydrate processing by Golgi
enzymes, but when treated with BFA becomes a sub-few rotavirus particles associated with the reconstituted
Golgi complex (Fig. 5B). Less than one of 500 virus parti- strate for at least one Golgi enzyme, mannosidase II.
While this might be a novel observation for viral proteins,cles in the cell were found associated with the Golgi
complex. In cells examined before removal of BFA (8 hr BFA-treatment has previously been reported to induce
endo H resistance of ER-associated proteins of cellularp.i.) no Golgi complexes were recognized.
origin (Lippincott-Schwarts et al., 1989).
The effect of BFA on the assembly process revealedDISCUSSION
several interesting observations. We found no evidence
by EM that BFA affects the assembly of single-shelledIn this study we used BFA, a specific inhibitor of pro-
tein transport from the ER to the Golgi complex to obtain particles in the cytoplasm, nor that BFA affects the trans-
location of single-shelled particles through the ER-mem-insight into rotavirus morphogenesis. Previous studies
with BFA have shown that lipid containing viruses and brane. The latter observation is of particular interest
since the ER-translocation step is supposed to be as-viruses which mature along the secretory pathway are
modified by BFA (Doms et al., 1989; Chen et al., 1991; sisted by NS28, a protein that was oligosaccharide
trimmed in a novel manner under BFA treatment, but yetWhealy et al., 1991; Weclewicz et al., 1993). Our study
shows for the first time that also viruses which assemble could retain its biological function.
During recent years there has been significant dataand remain in the ER are affected by BFA. We found that
as little as 0.5 mg/ml of BFA reduced progeny virus yield accumulated suggesting the existence of a distinct com-
partment in the secretory pathway interposed betweenby 99%. To explore the nature of this block in more detail,
we examined the effect of BFA on the antigenicity of the rough ER and the Golgi stack (Saraste and Kuisma-
nen, 1984; Munro and Pelham, 1987; Pelham, 1991; Hauriindividual proteins and on the biological function of the
VP4 hemagglutinin. The fact that the cytosolic proteins and Schweizer, 1992). The intermediate compartment
which has been named ER-Golgi intermediate compart-VP4 and VP6 retained their antigenicity after BFA-treat-
ment was not unexpected, but the preserved antigenicity ment (Hauri and Schweizer, 1992) or post-ER pre-Golgi
(Hobman et al., 1992; Huovila et al., 1992) has been foundof the conformational-dependent VP7 epitopes recog-
nized by neutralizing mAbs 159 and 4E8 was more sur- to be the site for maturation of hepatitis B surface antigen
and coronavirus (Krijnse-Locker et al., 1994; Huovila etprising, as these epitopes are highly sensitive to disulfide
bond reduction in vivo (Svensson et al., 1994) and for al., 1992). Many cellular proteins occupying the ER have
the ER-retention motif KDEL (Munro and Pelham, 1987;Ca2/-depletion (Dormitzer and Greenberg, 1992). The re-
sults conclude that BFA has no serious effect on the Pelham, 1988, 1991). It has been proposed that the KDEL
signal is not literally a retention signal, but instead allowsantigenicity of individual rotavirus proteins. A similar ob-
servation has been reported for vesicular stomatitis virus receptor recycling to occur from a post-ER compartment
(Munro and Pelham, 1987). The currently held view of(Doms et al., 1989). One of the mechanisms of BFA is
the induction of retrograde movement of cis/medial Golgi rotavirus maturation is that it occurs in the rough ER
(Altenburg et al., 1980; Bellamy and Both, 1990), but itmolecules back to the ER (Doms et al., 1989; Lippincott-
Schwarts et al., 1989). Our pulse-chase experiments re- has been reported that VP7 is trimmed from Man9 to
Man5 and Man6 (Kabcenell and Atkinson, 1985). Whilevealed that ER-resident proteins of viral origin are modi-
fied by BFA. Although both the ER-associated VP7 and VP7 is significantly trimmed, NS28 is halted at Man8
(Kabcenell and Atkinson, 1985). The significant differencethe trans-ER NS28 proteins were modified by BFA, as
judged from alteration in electrophoretic mobility, they in oligosaccharide trimming between NS28 and VP7 lead
to the suggestion that VP7 and NS28 may mature inwere not modified in the same manner. The striking dif-
ference is illuminated in Fig. 2, while the electrophoretic different compartments (Kabcenell and Atkinson, 1985).
Our endo H experiments concluded that the carbohy-mobility rapidly decreased on nascent VP7, the mobility
of NS28 first decreased and then increased during drates of VP7 and NS28 are processed in different ways
during BFA-treatment. The fact that only VP7 becomeschase.
Tunicamycin-treatment established that the variation endo H resistant could indicate that the two proteins
assemble in different compartments or, which cannot bein electrophoretic mobilities of NS28 were due to oligo-
saccharide processing and not merely caused by protein excluded, that NS28 does not, even during a long chase,
become a substrate for mannosidase II. The fact thatdegradation. The enzymatic digestion experiments not
only supported this conclusion, but also revealed, most the electrophoretic mobility of NS28 both decreased and
increased during the pulse-chase experiments showssurprisingly, that the ER-resident VP7 protein became a
substrate for mannosidase II, which resulted in endo H that NS28 became a substrate for one or more of the
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Hauri, H.-P., and Schweizer, A. (1992). The endoplasmic reticulum-Golgicarbohydrate processing enzymes either retrieved from
intermediate compartment. Curr. Opin. Cell Biol. 4, 600–608.Golgi or resident within the ER. As NS28 clearly was
Hobman, T., Woodward, L., and Farquhar, M. (1992). The rubella virus
subjected to oligosaccharide trimming during BFA-treat- E1 glycoprotein is arrested in a novel post-ER, pre-Golgi compart-
ment and as we are not aware of any viral or cellular ment. J. Cell Biol. 118, 795–811.
Huovila, A., Eder, A., and Fuller, S. (1992). Hepatitis B surface antigenER-resident proteins that do not become endo H resistant
assembles in a post-ER pre-Golgi compartment. J. Cell Biol. 118,after BFA treatment, it could be hypothesized that VP7
1305–1320.matures in an ER-Golgi intermediate compartment and
Ivessa, E., Lemos-Chiarandini, C., Tsao, Y., Takatsuki, A., Adesnik, M.,
that virus assembled VP7 which are processed to Man5 Sabatini, D., and Kreibich, G. (1992). O-glycosylation of intact and
and Man6 from Man9 (Kabcenell and Atkinson, 1985) are truncated ribophorins in brefeldin A-treated cells: Newly synthesized
intact ribophorins are only transiently accessible to the relocatedretrieved to ER by its novel ER-retention signal (Maass
glycosyltransferases. J. Cell Biol. 117, 949–958.and Atkinson, 1994), in a similar fashion as KDEL proteins
Jackson, M. R., Nilsson, T., and Peterson, P. A. (1990). Identification ofare retrieved to ER from a pre-Golgi or cis-Golgi region
a consensus motif for retention of transmembrane proteins in the
(Munro and Pelham, 1987; Pelham, 1991). endoplasmic reticulum. EMBO J. 9, 3153–3162.
Further studies including compartment-specific anti- Kabcenell, A. K., and Atkinson, P. A. (1985). Processing of the rough
endoplasmic reticulum membrane glycoproteins of rotavirus SA-11.bodies and confocal microscopy will be required to more
J. Cell Biol. 101, 1270–1280.accurately resolve the intriguing question about the sites
Krijnse-Locker, J., Ericsson, M., Rottier, P. J. M., and Griffiths, G. (1994).for VP7, NS28, and rotavirus maturation.
Characterization of the budding compartment of mouse hepatitis
virus: Evidence that transport from the RER to the Golgi complex
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Lippincott-Schwarts, J., Donaldson, J., Schweizer, A., Berger, E., Hauri,
H.-P., Yuan, L., and Klausner, R. (1990). Microtubule-dependent retro-The authors thank Ralf F. Pettersson for suggestions and critical
grade transport of proteins into the ER in the presence of Brefeldinreading of the manuscript. This work was supported by Swedish Medi-
A suggests an ER recycling pathway. Cell 60, 821–836.cal Research Council (K92-16P-10136-01A and B93-16x-10392-01A).
Lippincott-Schwarts, J., Yuan, L., Bonifacino, J., and Klausner, R. (1989).
Rapid redistribution of Golgi proteins into the ER in cells treated with
Brefeldin A: Evidence for membrane cycling from Golgi to ER. CellREFERENCES
56, 801–813.
Maass, D. R., and Atkinson, P. H. (1994). Retention by the endoplasmicAltenburg, B. C., Graham, D. Y., and Estes, M. K. (1980). Ultrastructural
study of rotavirus replication in cultured cells. J. Gen. Virol. 46, 75– reticulum of rotavirus vp7 is controlled by three adjacent-terminal
residues. J. Virol. 68, 366–378.85.
Au, K. S., Chan, W. K., Burns, J. W., and Estes, M. K. (1989). Receptor Mackow, E. R., Shaw, R. D., Matsui, S. M., Vo, P. T., Dang, M. N., and
Greenberg, H. B. (1988). The rhesus rotavirus gene encoding proteinactivity of rotavirus nonstructural glycoprotein NS28. J. Virol. 63,
4553–4562. VP3: Location of amino acids involved in homologous and heterolo-
gous rotavirus neutralization and identification of a putative fusionBellamy, A. R., and Both, G. W. (1990). Molecular biology of rotaviruses.
Adv. Virus Res. 38, 1–34. region. Proc. Natl. Acad. Sci. USA 85, 645–649.
Meyer, J. C., Bergmann, C. C., and Bellamy, A. R. (1989). Interaction ofBergmann, C. C., Maass, D., Poruchynsky, M. S., Atkinson, P. H., and
Bellamy, A. R. (1989). Topology of the non-structural rotavirus recep- rotavirus cores with the nonstructural glycoprotein NS28. Virology
171, 98–107.tor glycoprotein NS28 in the rough endoplasmic reticulum. EMBO J.
8, 1695–1703. Munro, S., and Pelham, H. R. B. (1987). A C-terminal signal prevents
secretion of luminal ER proteins. Cell 48, 899–907.Both, G. W., Siegman, L. J., Bellamy, A. R., and Atkinson, P. H. (1983).
Coding assignment and nucleotide sequence of simian rotavirus Orci, L., Tagaya, M., Amherdt, M., Perrelet, A., Donaldson, J., Lippincott-
Schwartz, J., Klausner, R., and Rothman, J. (1991). Brefeldin A, a drugSA11 gene segment 10: Location of glycosylation sites suggests that
the signal peptide is not cleaved. J. Virol. 48, 335–339. that blocks secretion, prevents the assembly of non-clathrin-coated
buds on Golgi cisterenae. Cell 64, 1183–1195.Chen, S.-Y., Matsuoka, Y., and Compans, R. W. (1991). Assembly and
polarized release of punta toro virus and effects of brefeldin A. J. Pelham, H. R. B. (1988). Evidence that luminal ER proteins are sorted
from secreted proteins in a post-ER compartment. EMBO J. 7, 913–Virol. 65, 1427–1439.
Doms, R. W., Russ, G., and Yewdell, J. W. (1989). Brefeldin A redistrib- 918.
Pelham, H. R. B. (1991). Recycling of proteins between the endoplasmicutes resident and itinerant Golgi proteins to the endoplasmic reticu-
lum. J. Cell Biol. 109, 61–72. reticulum and Golgi complex. Curr. Opin. Cell Biol. 3, 585–591.
Pettersson, R. (1991). Protein localization and virus assembly at intra-Dormitzer, P. R., and Greenberg, H. B. (1992). Calcium chelation induces
a conformational change in recombinant herpes simplex virus-1- cellular membranes. In ‘‘Protein Traffic in Eukaryotic Cells’’ (R. W.
Compans, Ed.), Curr. Top. Microbiol. Immunol. pp. 67–106. Springer-expressed rotavirus VP7. Virology 189, 828–832.
Ericson, B. L., Graham, D. Y., Mason, B. B., and Estes, M. K. (1982). Verlag, Berlin/New York.
Poruchynsky, M. S., Maas, D. R., and Atkinson, P. H. (1991). CalciumIdentification, synthesis, and modifications of simian rotavirus SA11
polypeptides in infected cells. J. Virol. 42, 825–839. depletion blocks the maturation of rotavirus by altering the oligomer-
ization of virus-encoded proteins in the ER. J. Cell Biol. 114, 651–Estes, M. K., and Cohen, J. (1989). Rotavirus gene structure and function.
Microbiol. Rev. 53, 410–449. 661.
Poruchynsky, M. S., Tyndall, C., Both, G. W., Sato, F., Bellamy, A. R., andGreenberg, H. B., Valdesuso, J., van, W. K., Midthun, K., Walsh, M.,
McAuliffe, V., Wyatt, R. G., Kalica, A. R., Flores, J., and Hoshino, Y. Atkinson, P. H. (1985). Deletions into an NH2-terminal hydrophobic
domain result in secretion of rotavirus VP7, a resident endoplasmic(1983). Production and preliminary characterization of monoclonal
antibodies directed at two surface proteins of rhesus rotavirus. J. reticulum membrane glycoprotein. J. Cell Biol. 101, 2199–2209.
Saraste, J., and Kuismanen, E. (1984). Pre and post-Golgi vacuolesVirol. 47, 267–275.
AID VY 7789 / 6a12$$$203 02-13-96 14:57:28 viras AP: Virology
563EFFECT OF BFA ON ROTAVIRUS ASSEMBLY
operate in the transport of Semliki forest virus membrane proteins H. B. (1994). Intracellular manipulation of disulfide bond formation in
rotavirus proteins during assembly. J. Virol. 68, 5204–5215.to the cell surface. Cell 38, 535–549.
Shaw, R. D., Vo, P. T., Offit, P. A., Coulson, B. S., and Greenberg, H. B. Svensson, L., Sheshberadaran, H., Vene, S., Norrby, E., Grandien, M.,
and Wadell, G. (1987). Serum antibody responses to individual viral(1986). Antigenic mapping of the surface proteins of rhesus rotavirus.
Virology 155, 434–451. polypeptides in human rotavirus infections. J. Gen. Virol. 68, 643–
651.Stirzaker, S. C., and Both, G. W. (1989). The signal peptide of the rotavi-
rus glycoprotein VP7 is essential for its retention in the ER as an Weclewicz, K., Kristensson, K., Greenberg, H. B., and Svensson, L.
(1993). The endoplasmic reticulum-associated VP7 of rotavirus isintegral membrane protein. Cell 56, 741–747.
Stirzaker, S. C., Whitfeld, P. L., Christie, D. L., Bellamy, A. R., and Both, targeted to axons and dendrites in polarized neurons. J. Neurocytol.
22, 616–626.G. W. (1987). Processing of rotavirus glycoprotein VP7: implications
for the retention of the protein in the endoplasmic reticulum. J. Cell Whealy, M. E., Card, J. P., Meade, R. P., Robbins, A. K., and Enquist,
L. W. (1991). Effect of Brefeldin A on alfaherpesvirus membrane pro-Biol. 105, 2897–2903.
Svensson, L. (1992). Group C rotavirus requires sialic acid for erythro- tein glycosylation and virus egress. J. Virol. 65, 1066–1081.
Wilson, I., Gavel, Y., and von Heijne, G. (1991). Amino acid distributionscyte and cell receptor binding. J. Virol. 66, 5582–5585.
Svensson, L., Dormitzer, P. R., von, B. C., Maunula, L., and Greenberg, around O-linked glycosylation sites. J. Biochem. 275, 529–534.
AID VY 7789 / 6a12$$$204 02-13-96 14:57:28 viras AP: Virology
